Study of semiconductor heterojunctions of ZnSe, GaAs and Ge by Feucht, D. L. & Milnes, A. G.
S'IXJDY OF SENICONDUCTOR HETEROJUNCTIONS 
OF ZnSe, GaAs and Ge 
By A. G.  Milnes and D.  L. Feucht 
February 1, 1971 - A p r i l  30, 1971 
D i s t r i b u t i o n  of t h i s  r e p o r t  is provided i n  t h e  i n t e r e s t  of 
information exchange. Respons ib i l i t y  f o r  t h e  contents  
r e s i d e s  i n  t h e  au tho r  o r  o rgan iza t ion  t h a t  prepared i t .  
Prepared under Research Grant No. 
NGR 39-087-002 by 
CARNEGIE-MELLON UNIVERSITY 
E l e c t r i c a l  Engineering Department 
P i t t sbu rgh ,  Pennsylvania 15213 
DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 
NASA Research Center 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
Washington, D.  C .  
https://ntrs.nasa.gov/search.jsp?R=19710026602 2020-03-11T22:21:40+00:00Z
ABSTRACT 
S ing le  c r y s t a l  l a y e r s  of ZnS and ZnSe have been e p i t a x i a l l y  
grown on p-type GaP using an  H C 1  close-spaced vapor t r a n s p o r t  system, 
Grown l a y e r  doping i s  accomplished us ing  heav i ly  doped source  (ZnS, 
ZnSe) m a t e r i a l  and a z i n c  vapor d i f f u s i o n  process  t h a t  reduces the 
number of compensating z i n c  vacancies .  Experimental c h a r a c t e r i s t i c s  
of nZnS-pGaP and nZnSe-pGaP diodes i n d i c a t e  dominance of t h e  forward 
4 I-U r e l a t i o n s h i p  by space-charge-limited flow i n  t h e  lo3-10 ohm-cn 
ZnS and ZnSe. The r eve r se  I -U  c h a r a c t e r i s t i c s  of t h e s e  devices  
ag ree  q u a l i t a t i v e l y  wi th  a mu l t i s t ep  tunnel ing  process  b u t  shew 
l a r g e r  than  expected r e v e r s e  c u r r e n t s .  The r e v e r s e  b i a s  capac i tance  
i s  s t r o n g l y  frequency dependent i n  a l l  devices  s t u d i e d .  Forward iu- 
j e c t i o n  electroluminescence was no t  observed from any of t h e  nZnS-pGaP 
and nZnSe-pGaP devices  s tud ied .  
Fu r the r  s t u d i e s  were conducted i n  t h e  iod ine  system t o  grow a 
t h i n  pGe.layer followed by a n-type Ge l a y e r  on nGaAs t o  produce a 
Ge-GaAs t r a n s i s t o r .  A method us ing  diborane a s  a dopant was developed 
t o  grow t h e  p-type Ge wi thout  a t h i n  in te rmedia te  n-type Ge l a y e r  a t  
t h e  i n t e r f a c e .  Measurements of an n-Ge-n-GaAs he t e ro junc t ion  y i e lded  
a b a r r i e r  h e i g h t  of 0.37 eV i n  t h e  conduction band. 
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LZST OF ILLUSTRATIONS 
Fig. 1. ZnS-GaP interface with ZnS partially removed. 
(Specimen CS-66). 
Fig. 2 Angle lapped ZnS-GaP interface treated with 
chromic acid. No apparent ZnS-Gap solid 
solution region is revealed. (Specimen CS-66), 
Fig. 3 As-grown ZnS surface etched in chromic acid. 13 
Slip lines and etch pits are revealed. (Specimen 
CS-66). 
Pig. 4 nZnS-pGaP forward logU-log1 characteristic. Th,e 15 
high power law followed by a low power law suggest 
space-charge flow with traps, The ZnS resistivity 
3 is 5 x 10 ohm cm. (Specimen CS-66A). 
P2g. 5 nZnSe-pGaP forward logU-log1 characteristic. The L 6 
high power law suggests space-charge-limited flow 
3 
with traps. The ZnSe resistivity is 5 x 10 ohm cm. 
(Specimen CS-67). 
Fig. 6 Reverse logU-log1 characteristic of an nZnS-pGaP diode. 17 
(Specimen CS-66A). 
Fig.  7 Reverse b i a s  capac i tance  c h a r a c t e r i s t i c  of an 
nZnS-pGaP diode. (Specimen CS-66A, 3 0 0 ~ ~ .  ) 
Fig. 8 Band diagrams of nZnS-pGaP he t e ro junc t ions ;  
A) Zero b i a s  vol tage .  
B) Forward b i a s  app l i ed .  
C) Reverse b i a s  appl ied .  
Bg.  9 Reverse b i a s  U-I  c h a r a c t e r i s t i c  of Fig. 6 
p l o t t e d  i n  terms of I/Uaversus (U + U ) -1/2 
a D 
t o  r e v e a l  f u n c t i o n a l  dependence. U was D 
taken as 2 v o l t s .  
Fig.  10 Forward Current-Voltage C h a r a c t e r i s t i c  of 
16  3 1 5  3 
n-Ge (10 /ern ) - nGaAs (5  x 10 /cm ) 
Heteroj  unct ion.  
Fig. 11 Zero Voltage I n t e r c e p t  of Reverse Sa tu ra t ion  
Current v s .  Reciprocal  Temperature f o r  nGe-nGaAs 
Heteroj  unct ion.  
I. L~TRODUCTION 
During t h i s  r e p o r t  per iod  t h e  grant  en t e red  t h e  f i n a l  phase of i t s  step 
funding. The e f f o r t  during t h i s  per iod  was devoted t o  completing work on t h e  
growth of ZnS and ZnSe on Gap and t o  cont inuing  t h e  Ge-GaAs junc t ion  studies, 
Work on ZnS and ZnSe on Gap was completed and a  paper prepared f o r  pub- 
l i c a t i o n .  This appears  a s  s e c t i o n  I1 of t h e  r e p o r t .  This work r e s u l t e d  i n  
t h e  f i r s t  nZnS-pGaP and nZnSe-pGaP junc t ions  prepared b u t  t h e  I -U  ciharacter- 
i s t i c s  were shown t o  b e  dominated by space  charge flow i n  t h e  ZnSe and ZnS i n  
t h e  forward d i r e c t i o n  and tunnel ing  i n  t h e  reverse .  
A procedure was developed us ing  diborane a s  a dopant f o r  growing pGe on 
nGaAs without  t h e  in t roduc t ion  of an in t e rmed ia t e  n  l a y e r  i n  t h e  Ge a t  t h e  
i n t e r f a c e .  This should enable  t h e  subsequent f a b r i c a t i o n  of a nGaAs-pGe-nGe 
t r a n s i s t o r  during t h e  next  per iod.  
11. THE GROWTH AND ELECTRICAL CHARACTERISTICS OF EPITAXIAL LAYERS OF 
ZnS AND OF ZnSe ON p  TYPE Gap 
1 INTRODUCTION 
Over t h e  p a s t  decade t h e r e  has  been an eve r  i nc reas ing  i n t e r e s t  i n  t h e  
p to r s .  p r o p e r t i e s  and the  device f e a s i b i l i t y  of 1 1 1 - V  and 1 1 - V I  compound semicondu, 
The wide band gaps and h igh  m o b i l i t i e s  of some 1 1 1 - V  and 1 1 - V I  compounds make 
them a t t r a c t i v e  f o r  use i n  high ope ra t ing  temperature devices ,  i n  semiconductor 
l a s e r s  and l i gh t - emi t t i ng  devices  and i n  c e r t a i n  high-frequency appl . ica t ions .  
However, the  technology of 1 1 1 - V  and 1 1 - V I  compounds is  somewhat behind that 
of Ge and S i  ( e s p e c i a l l y  i n  regards  t o  c r y s t a l  p e r f e c t i o n ) .  Most of t h e  XI-VL 
compounds have t h e  added disadvantage of being no t  e a s i l y  doped p  an.d n type 
and a r e  very e a s i l y  self-compensated. Crys t a l s  t h a t  a r e  combinations of 111-V 
and 11-VI compounds have been synthes ized  i n  t h e  hope  sf ob ta in ing  the favorable 
wide band gap p r o p e r t i e s  of a 1 1 - V I  w i th  t h e  favorable  doping p r o p e r t i e s  of a 
1 1 1 - V ,  bu t  wi th  l i m i t e d  success .  Hetero junc t ions  between 1 1 - V I  and 111-V 
semiconductors o f f e r  an a l t e r n a t i v e  approach t o  combining the  favorable  pro-  
p e r t i e s  of t h e  1 1 - V I  and 1 1 1 - V  compound semiconductors. 
The i n i t i a l '  i n t e r e s t  i n  semiconductor he t e ro junc t ions  was centered  about 
improving t h e  i n j e c t i o n  e f f i c i e n c y  of t r a n s i s t o r s  us ing  a  wide band-gap emi t t e r -  
narrow band-gap base he t e ro junc t ion  [I]. Such "heterojunct ion" t r a n s i s t o r s  
have been f a b r i c a t e d  us ing  he t e ro junc t ions  of CdSISi [ 2 1  [ 3 ] ,  GaAs/Ge E41, 
ZnSe/Ge [5] and ZnSe/GaAs [ 6 ] .  The cu r ren t  gain of t h e s e  devices  tends t o  be 
i n  t h e  range 10-50 and appears  t o  be  l i m i t e d  by d e f e c t  components of e m i t t e r  
cu r r en t  caused by i n t e r f a c e  s t a t e s  o r  d e f e c t s  n e a r  t h e  i n t e r f a c e .  A t  p resent  
research  on t h e  he t e ro junc t ion  t r a n s i s t o r  i s  be ing  continued along t h e  Liries 
of improving the  he t e ro junc t ion  i n t e r f a c e  by i n v e s t i g a t i n g  new heter~ojut-ict-ion 
p a i r s  and d i f f e r e n t  methods of he t e ro junc t ion  f a b r i c a t i o n .  
Recently,  i n t e r e s t  i n  he t e ro junc t ions  has  been s t imu la t ed  by t h e  e x e e l l e n t  
performance of double confinement mode l a s e r s  us ing  he t e ro junc t ions  of A% 
X 
Gal  - xAs-GaAs [7]  [8]. Also forward b i a s  junc t ion  e lec t ro lwninescenae  has been 
observed i n  s e v e r a l  he t e ro junc t ions ,  CdS/ZnTe [ 9 ] ,  ZnSe/ZnTe [ l o ]  1113 ,  
GaP/GaAs [12] ,  ZnSe/GaP [13] ,  ZnTe/CdSe [14] .  
The choice of semiconductors t o  be used i n  he t e ro junc t ions  i s  p r imar i ly  
governed by the  need t o  avoid mismatch o r  mechanical s t r e s s  a t  t h e  i n t e r f a c e  
which might in t roduce  d e f e c t  s t a t e s  i n  t h e  band gap of e i t h e r  semiconductor. 
Such d e f e c t  s t a t e s  s eve re ly  l i m i t  t h e  performance of most semiconductor 
he t e ro junc t ion  devices .  
I n  t h i s  s tudy  t h e  he t e ro junc t ion  p a i r  ZnS-Gap w a s  chosen f o r  i n v e s t i g a t i o n  
s i n c e  (1) t he  l a t t i c e  match is  c l o s e  and s t r a i n  a t  t h e  i n t e r f a c e  was no t  expected 
t o  be ove r ly  g r e a t  and (2) t h e  expected band diagrams from e l e c t r o n  a f f i n i t y  
cons ide ra t ions  a r e  favorable  f o r  forward b i a s  i n j e c t i o n  of minor i ty  c a r r i e r s .  
This  sugges ts  t h a t  nZnSe-pGa~ junc t ions  may be promising f o r  both t r a n s i s t o r  
and e l e c t r o - o p t i c a l  a c t i o n .  The l a t t i c e  mismatch between cubic  ZnS and GaP i s  
about 1%. The thermal c o e f f i c i e n t  of expansion f o r  t h e  two m a t e r i a l s  d i f f e r  
0 0 by no more than 20% i n  t h e  temperature range 30 C-600 C. Other i n v e s t i g a t o r s  
have s u c c e s s f u l l y  grown ZnS on Gap [15] and on S i  C1.63. 
Some s t u d i e s  were a l s o  made of t h e  ZnSe/GaP he t e ro junc t ion  p a i r  a l though 
t h e  l a t t i c e  mismatch of 4% f o r  t hese  m a t e r i a l s  w a s  expected t o  r e s u l t  i n  high 
d e n s i t i e s  of i n t e r f a c e  s t a t e s .  
2. EXPERIMENTAL 
2.1 Hetero junc t ion  Prepara t ion  
ZnS and ZnSe were e p i t a x i a l l y  grown upon GaP using t h e  H C 1  close-spaced 
system descr ibed  by Hovel and Milnes [17] .  Gap, p-type, s u b s t r a t e s  were 
chemically pol i shed  i n  2HN0 H C 1  p r i o r  t o  growth. The r e s u l t i n g  (1 l l )B  3  ; 
s u r f a c e  ( te rmina t ing  i n  phosphorous atoms) w a s  mi r ro r  smooth whi le  t h e  oppos i te  
su r f ace ,  ( 1 1 1 ) ~ ~  had a s l i g h t l y  r i p p l e d  su r f ace .  A search  of t h e  l i t e r a t u r e  
sugges ts  t h a t  a t  p re sen t  no chemical e t c h  has  been discovered t h a t  w i l l  impart 
a smooth su r f ace  t o  t h e  (1II)A f a c e  of Gap. A l l  growths of ZnS, ZnSe w e r e  
t h e r e f o r e  made on t h e  (1II)B face  of t he  Gap. 
Immediately a f t e r  t he  f i n a l  chemical e t c h ,  Gap s u b s t r a t e s  were coated w i f h  
a 2000 8 l a y e r  of Si02 grown by the  ox ida t ion  of t e t r a e t h y l o r t h o - s i l i c a t e  (TEOS) 
a t  4 3 0 ' ~  i n  a system designed a f t e r  t h a t  descr ibed  by ~ e u n i s c h [ l 8 1 .  The S i O  2 
l a y e r  was found necessary  t o  prevent  s u b s t r a t e  e t ch ing  during t h e  growth ?recess, 
Large g r a i n  s i z e  ZnS and ZnSe were used as source  m a t e r i a l .  Sources were 
lapped f l a t  t o  3pm and degreased. Before growth t h e  ZnS was etched i n  concen- 
t r a t e d  H PO and t h e  ZnSe was etched i n  concentrated H C 1 .  A l l  growth runs were 3 4 
made wi th  the  H C 1  system parameters given below: 
Ts our  ce 
To ta l  Gas Flow Rate 
Source-Seed Spacing 
Cooling Rate 
0.04% 
200cc/min 
12  m i l s  
1°c/min 
Growths were cooled slowly t o  minimize ZnS and ZnSe cracking  due t o  lattice and 
thermal expansion d i f f e r e n c e s .  
N-type doping of grown ZnS and ZnSe l a y e r s  was achieved by us ing  Al doped 
ZnS and Ga doped ZnSe sources ,  coupled wi th  a process ing  s t e p  involv ing  a z inc  
overpressure  t o  suppress  z i n c  vacancies .  
The ZnS was rece ived  doped t o  100 ppm Al. The ZnSe was undoped as received 
and had t o  be doped wi th  Ga us ing  the  l i q u i d  z i n c  a l l o y  process  descr ibed  by 
16 -3 Aven [19] .  The e l e c t r o n  concent ra t ion  i n  t he  a1 doped ZnS w a s  5x10 cm and 
17 -3 i n  the  Ga doped ZnSe was 1x10 cm . A z i n c  overpressure  scheme t o  s u p p r e s s  
donor-compensating z i n c  vacancy acceptors  t h a t  formed i n  t h e  grown ZnS,  ZnSe 
l a y e r s  a t  t h e  e l eva t ed  growth temperature w a s  achieved by sweeping z i n c  vapor 
over  t h e  grown l a y e r s  a s  they cooled s lowly a f t e r  growth [17].  
2.2 E l e c t r i c a l  Measurements 
N-type ZnSe and ZnS l a y e r s  4um t h i c k  were grown on (111)B o r i en t ed  p-type 
Gap s l i c e s  cu t  from t h e  same boule.  Growth ch ips  were diced and 1-2um of ZnSe 
o r  ZnS w a s  chemically removed wi th  2% bromine i n  methanol and h o t  concent ra ted  
0 phosphoric a c i d  (90 C), r e spec t ive ly .  This e t ch ing  s t e p  was necessary  t o  
remove any compensated s u r f a c e  l a y e r s .  I n  t h e  case  of ZnS t h e  phosphoric ac id  
t rea tment  a l s o  promoted we t t i ng  of I n  con tac t s .  Next, mesas were etched with 
HC1:HNO t o  reduce s u r f a c e  leakage c u r r e n t s  and t o  de f ine  c ros s - sec t iona l  areas 3 
f o r  cu r r en t  flow. The p-type Gap was a l loyed  t o  a  header  and contacted a t  
0 450 C us ing  a  Ga-25% Zn a l l o y .  Contact t o  t h e  n-type ZnSe and ZnS was made 
(tri th t h e  ch ip  on a header)  u s ing  an I n  dot  o r  an In-Hg amalgam a l loyed  a t  
350 '~.  A l l  con tac t  processes  used 2-59. H C 1  gas i n  Ar-15% H2 a s  a  f l u x  [20]. 
The con tac t s  t o  t h e  ZnSe, ZnS and Gap were n o t  p e r f e c t l y  ohmic above 
2 100A/cm a t  300 '~.  A t  7 7 ' ~  con tac t  q u a l i t y  was f u r t h e r  degraded by increased  
contac t  r e s i s t a n c e  and increased  Gap r e s i s t i v i t y  due t o  p a r t i a l  f reeze-out  o f  
t he  0.064 eV Zn l e v e l  i n  Gap [21].  B e t t e r  Gap ohmic con tac t s  might be achreved 
0 i f  t he  a l l o y i n g  temperatures could exceed 450 C.  For i n s t ance  Dierschke and 
Pearson [22] have produced con tac t s  t o  p-type Gap wi th  Au-5% Zn a l loyed  a t  650'6 
0 f o r  5 minutes i n  a H2 atmosphere. However i n  t h i s  work a temperature o f  650 C 
must be ru l ed  out s i n c e  i t  would crack t h e  grown ZnSe and ZnS l a y e r s  due t o  
t h e  necessary r a p i d  thermal cyc l ing  as w e l l  a s  d r i v i n g  t h e  grown l a y e r s  high 
i n  r e s i s t i v i t y  by t h e  l o s s  of Zn. 
0 I-U c h a r a c t e r i s t i c s  were measured a t  300 K by p l ac ing  devices  under vacuum, 
0 i n  N2 gas ambient and i n  room a i r .  A t  77 K t h e  I -U  measurements were made w i t h  
devices  under vacuum and d i r e c t l y  immersed i n  l i q u i d  n i t rogen .  A t  3 0 0 ' ~  and 7 7 ' ~  
no measureable d i f f e r e n c e  i n  r e s u l t s  was found between the  d i f f e r e n t  methods* A 
Fluke 8258 d i f f e r e n t i a l  vo l tmeter  and a Kei th ley  Instruments  600A e l ec t rome te r  
were used t o  measure vo l t age  and c u r r e n t ,  r e spec t ive ly .  C-U measurements were 
performed a t  1 MHz us ing  a General Radio Co. Type 821-A Twin-T br idge .  A t  I KHz 
a General Radio Co. Type 1608-A Impedance Bridge was used. 
3 .  RESULTS 
3.1 Exp i t ax i a l  Growth 
Single  c r y s t a l  ZnS and ZnSe f i lms  were grown on (111)B o r i e n t e d  Gap, Growths 
were from 3-4pm t h i c k .  Laue x-ray back - re f l ec t ion  p a t t e r n s  of a 15pm ZnS growth 
on (111)B Gap revealed a s ix - fo ld  r o t a t i o n a l  symmetry t h a t  corresponded t o  t h e  
ZnS. The ZnSe su r f ace  morphology was almost f e a t u r e l e s s  and very smooth wtiereas 
t h e  as-grown ZnS morphology showed a l i t t l e  more t e x m r e .  The growth r a t e s  were 
6wmlhr and 3pm/hr f o r  ZnSe and ZnS, respec t ive ly , .  f o r  t h e  H C 1  system growth 
parameters given i n  s e c t i o n  2. No grown-layer c racks  were observed as long as 
0 t h e  cool ing  r a t e  was l e s s  than 2 C/min. 
Both ZnSe and ZnS growths showed smooth unetched Gap s u r f a c e s  a f t e r  partial 
s e l e c t i v e  ZnSe and ZnS removal i n  concentrated HC1.  The morphology o f  t h e  grown 
ZnS l a y e r  and an exposed Gap s u r f a c e  a r e  shown i n  F ig .  1. The l i n e s  i n  the Gal? 
region a r e  probably i n t e r f a c e  m i s f i t  ( s l i p )  t r a c e s  revea led  by t h e  H C l ,  
As-grown and beveled ZnS s u r f a c e s  were t r e a t e d  i n  chromic a c i d  t o  r evea l  
de fec t  s t r u c t u r e  and i n t e r f a c i a l  so l id - so lu t ion  t r a n s i t i o n  reg ions .  No ZnS-Gap 
so l id - so lu t ion  was revea led ,  Fig. 2,  a l though t h e  ZnS-Gap system i s  repor ted  t o  
form mixed c r y s t a l s  i n  a l l  propor t ions  1231. Fig. 3 shows s l i p  l i n e s  and e t c h  
p i t s  i n  t h e  ZnS i n d i c a t i n g  t h a t  t he  ZnS (on Gap) i s  under cons iderable  strain, 
8 -2 The ZnS e t c h  p i t  d e n s i t y  i s  approximately 10 cm and is  about two o rde r s  o f  
magnitude l a r g e r  than t h a t  of t he  Gap s u b s t r a t e  (measured be fo re  and a f t e r  
growth and found t o  remain cons t an t ) .  
6 8 Typical  grown ZnS and ZnSe n-type r e s i s t i v i t i e s  ranged from LO -10 ohm-em 
i f  a ZnS overpressure  was no t  p re sen t  a s  t he  growth cooled. Zinc vapor p re s su res  
of 50-100 mHg i n  t h e  v i c i n i t y  of .the cool ing  grown l a y e r s  reduced the  ZnS, 
3 -  4 ZnSe r e s i s t i v i t y  t o  10 -10 ohm-cm provided t h e  ZnS, ZnSe sources were heavily 



doped wi th  A 1  and Ga, r e s p e c t i v e l y .  Undoped ZnS, ZnSe sources  produced PO 6 
ohm-cm grown l a y e r  r e s i s t i v i t i e s  a f t e r  t he  z i n c  s t e p .  
3 .2  E l e c t r i c a l  C h a r a c t e r i s t i c s  
A t y p i c a l  l og  I versus  log  U forward c h a r a c t e r i s t i c  of an nZnS-pGaP diode 
i s  g ive  i n  F ig .  4. This c h a r a c t e r i s  t i c  i s  r e l a t i v e l y  temperature i n s e n s i t i v e  
wi th  a high power law dependence a t  low b i a s e s  followed by a break into a 
lower power l a w  region.  The h igh  bulk r e s i s t i v i t y  of t h e  ZnS makes i t  improbable 
t h a t  c h a r a c t e r i s t i c s  of t he  form 
as soc ia t ed  wi th  thermal  i n j e c t i o n  over a b a r r i e r  could b e  observed, even i f  
e q n ( l )  should r ep re sen t  t he  a c t u a l  junc t ion  vol tage-cur ren t  r e l a t i o n s h i p ,  
I n s t e a d  t h e  observed device vo l t age  appears  t o  be dominated by the  space-crbarge 
l i m i t e d  flow component i n  t h e  ZnS. 
Fig.  5 shows a s i m i l a r  power law I - U  r e l a t i o n s h i p  f o r  an ZnSe-pGaP d iode ,  
The r eve r se  c h a r a c t e r i s t i c  of an nZnS-pGaP diode p l o t t e d  as log  I versus 
Iog U i s  given i n  Fig.  6 .  This c h a r a c t e r i s t i c  i s  a l s o  moderately temperature 
i n s e n s i t i v e .  A low power-law i s  observed a t  low b i a s e s  wi th  a break into a 
high power-law reg ion  a t  h ighe r  b i a s e s .  
P r a c t i c a l l y  a l l  nZnS-pGaP devices  had a l a r g e  degree of n o i s e  and j i t t e r  
a s soc i a t ed  wi th  both the  forward and r eve r se  c h a r a c t e r i s  t i c .  The e n t i r e  V-1 
c h a r a c t e r i s  t i c  s h i f t e d  about (2-5 s h i f t s  / s ec  .) when viewed on an osc i l l o scope  
curve t r a c e r  and i n  most cases  was unmeasurable by dc technique. Light from afi 
incandecent lamp focused on nZnS-pGaP and nZnSe-pGaP diodes d i d  n o t  reduce 
the  j i t t e r  o r  t he  no i se .  Usually t he  wors t  j i t t e r  was seen  i n  the  r eve r se  
d i r e c t i o n  and was an o rde r  of magnitude g r e a t e r  i n  magnitude on nZnSe-pGaP 
devices  than i n  n-ZnS-Gap devices .  Consequently, no measured r eve r se  charac te r -  
i s t i c  can be presented  f o r  nZnSe-pGaP devices .  The forward c h a r a c t e r i s t i c  sf  
t h e  nZnSe-pGaP diode shown i n  Fig. 5 w a s  reasonably noise- f ree .  
Fig. 4 .  nZnS-pGaP forward logU-log1 characteristic. The high power law 
followed by a low power law syggest space-charge flow with i r n u s .  
The ZnS resistivity is 5 x 10 ohm cm. (Specimen CS-66A), 
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pig. 5. nZnSe-pGaP forward logU-log1 characteristic. The high power law 
suggests space-charge-limited flow with traps. The ZnSe 3 
resistivity is 5 x 10 ohm cm. (Specimen CS-67). 
Fig. 6 .  Reverse logU-log1 characteristic of an nZnS-pGaP d i o d e ,  
(Specimen CS-66A). 
The n o i s e  and j i t t e r  was n o t  due t o  con tac t s .  Many devices  had more than 
one con tac t  per  semiconductor, and the  V-I r e l a t i o n s h i p  between two con tac t s  on 
e i t h e r  t he  ZnS o r  t he  Gap was always l i n e a r  and n o i s e  f r e e  a t  cu r r en t  d e n s i t i e s  
2 
up t o  100 !./cm2 (about 10 mA).  No n o i s e  o r  j i t t e r  occurred above 100 i./cm . but 
t he  con tac t s  began t o  dev iz t e  frcm l i n e a r i t y  above t h i s  cu r r en t  dens i ty .  Schot tky 
b a r r i e r  diodes of e x c e l l e n t  r e c t i f i c a t i o n  r a t i o s  were made w i t h  indium on maierjaL 
from t h e  same Gap s l i c e  a s f u s e d  f o r  t he  nZnS-pGaP devices  and  id n o t  shok any 
rLoi.se o r  j i t t e r .  
The capac i tance  reverse-vol tage c h a . r a c t e r i s t i c  of an nZ~nS-pGaF diode i s  
given i n  Fig. 7.  The s t r a i g h t  l i n e  "best  f i t "  c h a r a c t e r i s t i c s  a r e  of t h e  form 
C ~ ( U  a d - ~ ~ ) - ~  ( 2 )  
 here r was about .04 and C i s  t h e  ca.pacitance, U i s  t h e  appl ied  r eve r se  vo l t age  
a 
and U i s  a  cons tan t  t h a t  i s  a s soc i a t ed  wi th  t h e  b u i l t - i n  h e t e r o j u ~ ~ t i o n  poten- I? 
t i a l .  Eoth C z.nti 1J a r e  frequency aependent . Capacitance reverse-vol i age  data n 
f o r  nZnSe-pGap devices  were n o t  ob ta inab le  due t o  excess ive  no i se .  
An at tempt  was made t o  observe o p t i c a l  r a d i a t i o n  from forward b i a s e d  mZnS- 
pGaP and mZnSe-pGap he t e ro junc t ions .  Devices were mounted f l u s h  w i t h  the cathode 
f ace  of a 7102 photomul t ip l ie r  tube (S1 response) and p s l s c d  t o  forward cu r ren t  
3 2 d e n s i t i e s  as h igh  a s  2x10 Ampjcm . Pul se  widths ranged from 2-10 paec. Devices 
were examined a t  300 '~.  
No l i g h t  w a s  de t ec t ed  i n  t h e  s p e c t r a l  range (0.3pm t o  1.2pm) of t he  7102 
photomul t ip l ie r  tube.  
4. DISCUSSION OF THE RESULTS 
4.1 E p i t a x i a l  Growth 
The we l l  def ined  Laue spo t -pa t t e rns  obtained from t h i c k  ZnS growths indicate 
t h a t  the  growth i s  not  p o l y c r y s t a l l i n e .  However t h e  c r y s t a l l i n e  q u a l i t y  o f  the 
grown l a y e r s  could n o t  be  determined from spot  p a t t e r n s .  C r y s t a l  p e r f e c t i o n  i s  
b e s t  determined by o t h e r  x-ray methods (x-ray rocking curves and d i f f r a c t i o n  
(U,S U,,) I N  VOLTS 
F$g. 7. Reverse bias capacitance characteristic of an 6 
nZnS-pGaP diode. (Specimen CS-664, 300 K.) 
c o n t r a s t )  no t  a v a i l a b l e  f o r  t h e  p re sen t  work. The s ix - fo ld  s y m ~ i e t q ~  obse rved  
i n  ZnS s p o t  p a t t e r n s  may come e i t h e r  from a twinned (111) o r i en t ed  s t r u c t u r e  
o r  a (0001) o r i e n t e d  hexagonal o r  6 H  polytype s t r u c t u r e .  Between t h e  growth 
0 temperature and 300 K ,  both hexagonal and cubic  forms of ZnS may e x i s t ,  The 
cubic  phase appears a s  a  twinned s t r u c t u r e  wi th  (111) planes  p a r a l l e l  t o  the 
(0001) p lanes  of t h e  hexagonal phase. B e r t o t i  e t  al. 1151 observed t h a t  ZnS 
grown on (111)B Gap a t  740'~-880'~ had a  hexagonal o r  6 H  polytype s t ruc tu l - e ,  
More x-ray a n a l y s i s  would be necessary  t o  determine t h e  s t r u c t u r e  of t he  ZnS 
grown i n  t h i s  s tudy .  One can only i n f e r  from t h e  x-ray p a t t e r n s  t h a t  t he  ZnS 
overgrowth i s  o r i en t ed  e i t h e r  (ill) o r  (0001) which migh.t: be  expected s i n c e  
the  GaP i s  (111) o r i en t ed .  
B e r t o t i  e t  a1 [15] r e p o r t  a t r a n s i t i o n  l a y e r  a t  the  i n t e r f a c e  of ZnS-GaP 
grown i n  an H C 1  closed-tube vapor t r a n s p o r t  p rocess  us ing  GaP s u b s t r a t e  tem- 
pe ra tu re s  ranging from 7 4 0 ~ ~ - 8 8 0 ~ ~  (much h i g h e r  than t h e  6 5 0 ' ~  of t h i s  s t u d y ) ,  
This l a y e r  i s  a t t r i b u t e d  t o  chemical a t t a c k  of t he  GaPSwith subsequent f o m a -  
t i o n  of a  ZnS-Gd s o l i d  s o l u t i o n  a t  the  i n t e r f a c e .  No such t r a n s i t i o n  region 
was observed i n  . th i s  work ( see  Fig.  2 ) .  The low s u b s t r a t e  temperatures ano 
H C 1  concent ra t ions  used h e r e  have probably prevented s i g n i f i c a n t  chemical 
a t t a c k  on the  Gap. 
The h igh  dens i ty  of e t ch  p i t s  revea led  by the  chromic a c i d  e t ch  i n d i c a t e s  
t h a t  t he  grown ZnS i s  imperfect  even though r egu la r  wel l-defined Laue spo t  
p a t t e r n s  a r e  obta ined .  The de fec t s  could be a  r e s u l t  of s t r a i n  r e l i e f  a t  t h e  
ZnS-GaP i n t e r f a c e  o r  s t ack ing  f a u l t s  i n  hexagonal regions of t h e  ZnS t h a t  i n t r o -  
duce reg ions  of cubic  d i so rde r  [25] .  
The lowex l i m i t  t o  ZnS, ZnSe grown l a y e r  r e s i s t i v i t y  appears  t o  be about 
3 10 ohm-cm when us ing  doped source m a t e r i a l  and z i n c  overpressures  appl ied  
below t h e  growth temperature a s  a  means of doping grown l a y e r s .  This ratriier 
high r e s i s t i v i t y  is  probably due t o  low source t o  seed dopant (Al, Ga) transport 
r a t i o s  r a t h e r  than i n e f f i c i e n c i e s  i n  t he  z i n c  overpressure  t rea tment .  Separate  
experiments wi th  bulk doped (Al) ZnS, (Ga) ZnSe i n  t h e  growth system have shown 
2 0 
t he  z i n c  overpressure t rea tment  t o  be a s  e f f e c t i v e  as t h e  l i q u i d  ZnS technique 
of Aven [I91 i n  reducing t h e  z inc  vacancy concent ra t ion .  
4.2 I - U  C h a r a c t e r i s t i c s ,  Theory 
The proposed equ i l i b r ium (no appl ied  b i a s )  energy band diagram f o r  an 
nZnS-pGa? he t e ro junc t ion  i s  shown i n  Fig.  8  ( a ) .  The band diagram f o r  an 
nZnSe-pGaP he t e ro junc t ion  i s  s i m i l a r  except  t h a t  E (ZnSe) is  2.68eV,OE is 
8 c 
o.21eV3 AE i s  0.22eV, and qUD is 2.leV. These band diagrams were der ived  V 
from the  e l e c t r o n  a f f i n i t y  d i f f e r e n c e  model proposed by Anderson [25]  and 
must be  regarded as t e n t a t i v e  i n  t h e  absence of d i r e c t  de te rmina t ion .  T h e  
valence band i n t e r f a c e  d i s c o n t i n u i t y  AE is equal  t o  t h e  d i f f e r e n c e  between N 
t he  sum of t h e  e l e c t r o n  a f f i n i t y  and energy band gap of t h e  two m a t e r i a l s ,  
The d i f f u s i o n  p o t e n t i a l ,  UD, i s  equal  t o  t h e  Fermi l e v e l  d i f f e r ence  between 
t h e  two m a t e r i a l s  before  they a r e  b r o u g k t o g e t h e r  and mostly appears  i n  the 
moderately high r e s i s t i v i t y  n-type m a t e r i a l  due t o  t h e  l a r g e  d i f f e r e n c e  i n  
doping d e n s i t i e s  between the  n and p regions.  The model assumes t h a t  there 
i s  no charge a t  the  i n t e r f a c e .  The hump i n  t h e  Gap nea r  t h e  i n t e r f a c e  i s  t h e  
e f f e c t  of Zn which has  d i f fused  i n t o  the  Gap from t h e  ZnSe during the  zinc over- 
pres su re  s t e p .  This d i f f u s e d  reg ion  may extend from 0 . 1  t o  2um i n t o  the  G a P ,  
depending on the  z i n c  process ing  time and temperature.  
The e l e c t r o n  a f f i n i t i e s  used t o  cons t ruc t  t he  ZnS/GaP and ZnSe/GaP band 
diagrams a r e  4.09eV f o r  ZnSe [26] ,  3.9eV f o r  ZnS [27] and 4.3eV f o r  Gap. T11ere 
appears t o  be no r epor t  on a  d i r e c t  measurement of t h e  e l e c t r o n  a f f i n i t y  o f  GaF, 
Weinstein e t  a 1  [I71 have proposed t h a t  AEC i s  equal  t o  0.22eV f o r  pGaAs-nGaP 
junc t ions .  This impl ies  (from t h e  Anderson he t e ro junc t ion  model) a GaP electran 
a f f i n i t y  of 4.3eV. I n  s tudying  nGaAs-pGaP junc t ions  Alferov e t  a l .  [28] d i s p u t e  
t he  AE va lue  (-22eV) proposed by Weinstein e t  a l .  [29] and suggest  an electron C 
a f f i n i t y  of 3.0eV f o r  Gap based on Au-nGaP metal-semiconductor b a r r i e r  h e i g h t s  
repor ted  by Cowley and Heffner  [30.]. Furthermore Alferov e t  a l .  [29] use 3.65eV 
f o r  t h e  GaAs e l e c t r o n  a f f i n i t y  when i n t e r p r e t i n g  t h e  GaAs-GaP behavior ,  which 
- 
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Fig. 8. Band diagrams of nZnS-pGaP h e t e r o j u n c t i o n s ;  
A) Zero b i a s  vol tage.  
B) Forward bias  a p p l i e d .  
C) Rever se  b i a s  a p p l i e d .  
does n o t  agree wi th  the  va lue  4.07eV repor ted  by Gobeli and Allen [ 3 ' 0 ] .  Davis 
e t  a1 . [32]  at tempt  t o  c l a r i f y  t h e  discrepancy i n  AE by examining n-n, p-n and C 
n-p GaAs-Gap junc t ions .  n e i r  r e s u l t s  sugges t  0 < AE < 011 eV. In! t h i s  study C 
nZnS-pGaP capaci tance d a t a  i n d i c a t e  a  Gap e l e c t r o n  a f f i n i t y  between 4 -2 and 4 , 4  eV 
(using the  Anderson model) . Theref o r e  an e l e c t r o n  af f i n i t y  va lue  of 4 , 3  eV has 
been used f o r  GaP i n  ob ta in ing  the  diagram i n  Fig. 8(a) . 
Fig. 8(b) shows the  proposed p a r t i c l e  cu r r en t  d e n s i t i e s  a t  t h e  i n t e r f a c e  
under forward b i a s  [nI-) , (+) 1. I n t e r f a c e  s t a t e s  and an unknown d i s t r i b u t i o n  
of t r a p s  i n  t he  moderately h igh  r e s i s t i v i t y  ZnS and ZnSe have been assumed, In 
t h e  forward d i r e c t i o n  most of t he  app l i ed  vo l t age  i s  ac ros s  t he  h i g h - r e s i s t i v i t y  
n reg ion  r e s u l t i n g  i n  t he  p o s s i b i l i t y  of space-charge-limited cu r r en t ,  Js GL in 
t h e  bulk  of the  n reg ion .  Most of t he  vo l t age  developed ac ros s  t he  n and p 
reg ion  dep le t ion  regions i s  on the  h igh  r e s i s t i v i t y  n s i d e  and i s  designated 
u ~ - U a n .  The corresponding vo l t age  ac ros s  t he  p region dep le t ion  region is 
U 
D P - ~ ~ P  
[not  l abe l ed  i n  Fig.  8 ( b ) ] .  The d i f f u s i o n  v o l t a g e  and t o t a l  appl ied  
vo l t age  a r e  U =U + U and U - D Dn Dp a - 'an aP + U , r e s p e c t i v e l y .  
F i r s t  cons ider  t he  p a r t i c l e  c u r r e n t  d e n s i t i e s  a t  t h e  i n t e r f a c e  under fo rwar i  
b i a s .  There a r e  e l e c t r o n s  tunnel ing  d i r e c t l y  from t h e  n reg ion  conduction band 
i n t o  i n t e r f a c e  s t a t e s  t o  recombine wi th  ho le s  f o r  a cu r ren t  dens i ty  Je; t h e r e  
a r e  e l e c t r o n s  recombining a t  t h e  i n t e r f a c e  wi th  ho le s  f o r  a cu r r en t  dens i ty  J ' 
s 
t h e r e  a r e  e l e c t r o n s  captured  w i t h i n  t h e  n reg ion  dep le t ion  width folllowed by 
tunnel ing  t o  i n t e r f a c e  s t a t e s  (j. ) and t h e r e  a r e  e l e c t r o n s  thermally i n j e c t e d  
r 
i n t o  t h e  p region conduction-band from the  n reg ion  (J ).  There may a l s o  be 
n 
a d d i t i o n a l  recombination of n  reg ion  e l e c t r o n s  (not  shown i n  Fig. 8(b)  wieh 
p region ho le s  t h a t  tunnel  t o  n region t r a p s  o r  a r e  i n j e c t e d  i n t o  the  n reg ion  
and by generation-recombination processes .  These l a t t e r  processes  have been 
neglec ted  due t o  t h e  moderately l a r g e  va lue  of AE and t h e  l a r g e  band gaps of v 
ZnS and ZnSe. 
Tke. f u n c t i ~ n q l  dependence of J J , J and J has  been developed by Hovel 
e '  r s n 
and Milnes [32] .  They suggest  t h a t  
and 
f o r  
a l s o  
where J i s  l i m i t e d  by e l e c t r o n  capture  by t r a p s ,  and 
r 
Js a Nd exp 
where t h e  i n t e r f a c e  recombination i s  l i m i t e d  by t h e  n reg ion  e l e c t r o n  supply, and 
and JSCL = Je + Je f Js + Jn 091 
where 1-1 i s  t h e  i n j e c t e d  e l e c t r o n  mob i l i t y  i n  t he  p reg ion ,  E i s  t h e  electric 
n o 
f i e l d  a t  t h e  i n t e r f a c e  (500-800 volt/cm) i n  t h e  p region due t o  t he  diffused Zn 
impuri ty  g r a d i e n t ,  R i s  t h e  number of tunnel ing  s t e p s  ( v i a  t r a p s ) ,  rn'k is the 
e l e c t r o n  e f f e c i t v e  tunne l ing  mass i n  the  n reg ion ,  c i s  the  d i e l e c t r i c  coefficient 
n 
of t h e  n reg ion ,  and N i s  the  e f f e c t i v e  doping concent ra t ion  i n  the  bu lk  n-region, 
D 
Fig. 8 (c )  shows t h e  r eve r se  b i a s  Eni(+), p  (-)I  s i t u a t i o n .  The reverse current 
c o n s i s t s  of J e l e c t r o n s  i n  t he  p reg ions  flowing over  t h e  hump and small barrier 
r e  
i n t o  t h e  n reg ion ,  J due t o  Zener tunnel ing  from t h e  p reg ion  valence barrd t o  z 
t he  n region conduction band e i t h e r  d i r e c t l y  o r  via n-region t r a p s ,  J due te 
gf= 
e l e c t r o n s  i n  t he  p reg ion  valence band being r a i s e d  i n  energy t o  dn i n t e r f a c e  
s t a t e  l e v e l  followed by tunnel ing  i n t o  the  n region conduction band, and J L 
due t o  su r f ace  leakage.  J w i l l  be  neglec ted  s i n c e  moderately l a r g e  ene rg i e s  
& t 
a r e  necessary  t o  r a i s e  valence band e l e c t r o n s  t o  i n t e r f a c e  s t a t e  l e v e l s ,  3 
re 
quickly  s a t u r a t e s  when U -U b AE Dp ap C' 
A t  h igh  r eve r se  b i a s  t h e  p reg ion  valence band may become l e v e l  wi th  t h e  
n reg ion  conduction band al lowing Zener tunnel ing  t o  occur.  The cu r ren t  f o r  
t h i s  process  has  been descr ibed  by Riben and Feucht /333 and is  
Jz - Urn exp - A U - Uan, -I/ 
R-1/2 
f o r  mul t i - s tep  tunnel ing  and 
- 
J Z - U  exp AEV) (Urn - Uan) 
an 
f o r  d i r e c t  tunnel ing.  E i s  t h e  energy gap of t h e  n-mater ia l ,  and Er i s  the  
g n 
tunnel ing  b a r r i e r  f o r  each tunnel ing  s t e p  ( v i a  n-region t r a p s ) .  When plotted 
on log-log s c a l e , ' J  appears  t o  be a  power l a w  func t ion  J - vrn where m > 3 Z Z an 
f o r  1-v I>vk a n d m =  1 f o r  1 - v  I c Vm. 
an an 
4.3 I - U  C h a r a c t e r i s t i c s ,  Experimental 
The forward I-U c h a r a c t e r i s t i c s  presented  i n  Figs.  4 and 5 do no t  show 
exponent ia l  behavior  and can n o t  b e  d i r e c t l y  l i n k e d  t o  t h e  func t iona l  depen- 
dence of Je, J J o r  Jn. These I-U c h a r a c t e r i s t i c s  a r e  more i n d i c a t i v e  of  
r ,  s 
space-charge-limited c u r r e n t s  i n  t he  bulk ZnS, ZnSe when a s u b s t a n t i a l  trap, 
d i s t r i b u t i o n  i s  p re sen t .  The h igh  power l a w  reg ion  r e p r e s e n t s  t h e  f i l l i n g  of 
t hese  t r a p s  whi le  t h e  break i n t o  a lower power law region r e p r e s e n t s  t he  traps 
f i l l e d  condi t ion .  Rose [ 3 4 ]  has  shown t h a t  f o r  an exponent ia l  energy d i s t r i b u -  
t i o n  of t r a p s ,  N t  - exp (E~E ), t h e  i n j e c t e d  space charge c u r r e n t  i s  r 0 
J s c ~  = cons t  U (Eo + 1 )  an - kT 
i n  the  t r a p  f i l l i n g  reg ion .  E is  the  t r a p  energy, and E i s  a cons tan t .  When 
0 
t he  i n j e c t e d  space-charge i s  s u f f i c i e n t  t o  occupy a l l  t h e  t r a p  l e v e l s  i n  the 
energy gap, t h e  cu r r en t  becomes 
Both cons t an t s  a r e  mi ld ly  temperature dependent. Egn (12) i n d i c a t e s  t h a t  the  
s lope  A l o g  J SCL'~' an should be temperature dependent, and depend on t h e  value 
of Eo. However t h e  h igh  power-law s lopes  seen i n  Fig. 4 a r e  r a t h e r  independent 
of temperature which suggest  t h a t  if '  an exponent ia l  d i s t r i b u t i o n  of t r a p s  i s  
t h e  c o r r e c t  model, then E v a r i e s  wi th  temperature.  One must be caut ious  i n  
0 
assuming t h a t  (12) is  the  c o r r e c t  f u n c t i o n a l  dependence s i n c e  more complicated 
t r a p  d i s t r i b u t i o n s  could l e a d  t o  s i m i l a r  I-U c h a r a c t e r i s t i c s .  
The forward I -U r e s u l t s  suggest  t h a t  t h e  t r u e  he t e ro junc t ion  I - U  charac te r -  
i s t i c  i s  masked by t h e  space-charge-current flow i n  t h e  moderately high r e s i s -  
t i v i t y  ZnS, ZnSe. S imi l a r  space-charge e f f e c t s  have been seen i n  ZnSe-Ge [32] 
3 
and ZnSe-GaAs [ 6 ]  devices  where t h e  ZnSe r e s i s t i v i t y  w a s  10 ohm-cm. However. 
both t h e  ZnSe-Ge 151 and ZnSe-GaAs [ 6 ]  devices  have shown t r a n s i s t o r  a c t i o n  (using 
the  ZnSe as a wide-gap e m i t t e r )  i n d i c a t i n g  t h a t  t h e  i n j e c t e d  i n t e r f a c e  cu r r en t  
component Jn i s  s u b s t a n t i a l .  P lans  a r e  under way t o  perform s i m i l a r  t r a n s i s t o r  
experiments w i th  t h e  n z n s - p ~ a ~  p a i r .  
A roughly ohmic reg ion  i s  observed a t  low vo l t ages  i n  t he  nZnS--pGaP forward 
I-U c h a r a c t e r i s t i c  Fig.  4, t h a t  corresponds t o  e i t h e r  s u r f a c e  leakage o r  t o  t he  
he t e ro junc t ion  c h a r a c t e r i s t i c .  A t  low forward vo l t ages  t h e  h e t e r o j u . c t i c n  
impedance may be expected t o  be q u i t e  l a r g e  s i n c e  t h e  d i f f u s i o n  v o l t a g e ,  UD9 i s  
q u i t e  l a r g e .  The r e s i s t a n c e  a s s o c i a t e d w i t h  t h e  ohmic reg ion  i s  too  large to be 
3 
as soc ia t ed  wi th  t h e  5x10 olqFcm ZnS. S imi l a r  ohmic reg ions  were seen i n  both 
ZnSe-Ge 1321 and ZnSe-GaAs [35]  devices .  
The power-law v a r i a t i o n  of r eve r se  cu r r en t  w i th  app l i ed  r eve r se  v o l t a g e  
shown i n  Fig.  6 f o r  an nZnS-pGaP diode sugges ts  a tunnel ing  mechanism of the  form 
26 
where M is  g iven  t h e o r e t i c a l l y  from (10) and (11) as 
f o r  m u l t i - s t e p  t u n n e l i n g ,  and as 
f o r  d i r e c t  t u n n e l i n g .  
M may be  determined e x p e r i m e n t a l l y  by r e p l o t t i n g  t h e  d a t a  o f  F ig .  6  as l o g  PIP& 
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v e r s u s l o g  ( U + U )  . This  i s  s h o w n i n F i g .  9. T h e v a l u e s  o f M a r e  30 at  D a 
3 0 0 ' ~  and 33 a t  7 7 O ~ .  A v a l u e  o f  U = 2  v o l t s  ( o b t a i n e d  from c a p a c i t a n c e  d a t a ,  D 
0 F ig .  7) was used i n  F i g .  9. Using t h e  v a l u e s  mvm = 0.19,  E ~ / E ~  = 8.3,  
1 3  -3 N = 1x10 c m  D CEgn -AEv) = 2.65 a t  3 0 0 ' ~  and (E -AE ) = 2.68 a t  7 7 O ~  t he  gn v 
t h e o r e t i c a l  v a l u e s  of M a r e  2 . 5 ~ 1 0  E  0  3 1 1 2  'I2 a t  300 K and 2 . 8 ~ 1 0  Er r 
0 d o l t s  'I2 a t  77 K f o r  t h e  i n d i r e c t  t u n n e l i n g  p r o c e s s .  A d i r e c t  t u n n e l i n g  process 
must b e  r u l e d  o u t  by t h e  l a r g e  ZnS d e p l e t i o n  w i d t h  (about  1.8pm a t  zero hias), 
To o b t a i n  agreement between e x p e r i m e n t a l  and t h e o r e t i c a l  s l o p e s  a value 
of  Er e V  i s  n e c e s s a r y .  Th is  i s  an improbable v a l u e  s i n c e  i t  would  
correspond t o  
0 
t u n n e l i n g  s t e p s  a t  300 K. A v e r y  l a r g e  number o f  band gap s t a t e s  would be  
r e q u i r e d  t o  s u p p o r t  such  s m a l l  energy t r a n s i t i o n s .  S i n c e  such  a high density 
of  band gap s t a t e s  i s  h i g h l y  u n l i k e l y ,  a r e v e r s e  t r a n s p o r t  mechanism o t h e r  
t h a n  a s imple  m u l t i - s t e p  Zener t u n n e l i n g  p r o c e s s  i s  o p e r a t i v e  i n  t h e s e  n-ZnS- 
pGaP d i o d e s  even though t h e  r e v e r s e  I -U c h a r a c t e r i s t i c  a p p e a r s  t o  agree 
q u a l i t a t i v e l y  w i t h  t h a t  o f  a t u n n e l i n g  p r o c e s s .  I n  f a c t  we can n o t  exc lude  
a s u r f a c e  l e a k a g e  mechanism s i n c e  guard r i n g  s t r u c t u r e s  were  n o t  p rov ided  
Fig. 9. Reverse b i a s  U-I  character is t i_c195 Fig.  6 p l o t t e d  i n  
terms of  I/U v e r s u s  ( U a +  U,) t o  r e v e a l  funceisnal 
dependence. % w a s  taken as 2 v o l t s .  D 
because of f a b r i c a t i o n  problems. 
\ 
The r eve r se  c u r r e n t  i n  nZnS-pGap diodes w a s  o rde r s  of magnitude l a r g e r  
than  t h a t  r epo r t ed  f o r  ZnSe-Ge [32] and ZnSe-GaAs 1351 diodes wi th  l o 3  ohm-crn 
ZnSe r e s i s t i v i t y  t h a t  were f a b r i c a t e d  i n  t h e  same H C l  growth system. Yet 
from band diagram cons ide ra t ions  one would not  expect  t h e  r eve r se  cu r r en t  to 
be apprec iab ly  d i f f e r e n t  between the  two types  of diodes.  Both ZnS and ZnSe 
have wide dep le t ion  widths which should i n  p a r t  c o n t r o l  tunnel ing  cu r ren t  
magnitudes. Avalanche m u l t i p l i c a t i o n  occurs  above 25 v o l t s  app l i ed  r eve r se  
vo l t age  f o r  both diode types (even inc luding  t h e  l a r g e  b u i l t - i n  f i e l d  i n  the 
ZnS-Gap diodes) and should no t  a f f e c t  c u r r e n t  magnitudes below t h i s  voltage. 
The larger-than-expected r eve r se  cu r r en t  ob ta ined  wi th  nZnS-pGaP devices  
i s  probably r e l a t e d  t o  t h e  source of t h e  n o i s e  and j i t t e r .  I t  i s  t e n t a t i v e l y  
suggested t h a t  t h e  q u a l i t y  of t he  i n t e r f a c e  i s  r e spons ib l e  f o r  t h e  n o i s e  and 
j i t t e r .  The l a t t i c e  mismatch is  1% which i s  about 4  t imes t h a t  of ZnSe-GaAs, 
S u f f i c i e n t  i n t e r f a c i a l  s t r a i n  may have introduced d i s l o c a t i o n s  i n t o  t h e  ZnS 
l a y e r  which se rve  a s  e x t r a  t rapping  c e n t e r s  t o  promote r e v e r s e  tunnel ing  
cu r ren t s .  Also nZnSe-pGaP devices  (where t h e  l a t t i c e  mismatch i s  about  4%)  
exh ib i t ed  more n o i s e  and j i t t e r  than d i d  nZnS-pGaP dev ices ,  lending some supporc 
t o  t h e  suggest ion t h a t  n o i s e  and j i t t e r  a r e  r e l a t e d  t o  t h e  i n t e r f a c i a l  strain. 
However, t h e  Gal? c r y s t a l  q u a l i t y  (number of d e f e c t s )  and s u r f a c e  p repa ra t ion  
(perhaps a  t h i n  i n s u l a t i n g  f i l m  remains on Gap a f t e r  po l i sh ing )  a r e  a l s o  sub- 
j e c t  t o  ques t ion  a s  sources  of no ise .  
Robinson and Kun [13] ,  who grew Gap on 0 . 1  ohm-cm ZnSe and 0.5 ohm-cm 
ZnSO.  45Se0. 55 by s o l u t i o n  growth techniques,  r e p o r t  no ise- f ree  V-I  c h a r a c t e r i s t i c s  
and r eve r se  breakdown vo l t ages  g r e a t e r  than 15  v o l t s  i n  t h e i r  devices .  This 
i n d i c a t e s  t h a t  (nZnSe, nZnS)-pGaP junc t ions  wi th  f avo rab le  c h a r a c t e r i s t i c s  can 
be s u c c e s s f u l l y  f a b r i c a t e d  by s o l u t i o n  techniques (al though t h e r e  i s  always a 
chance t h a t  a s o l i d  s o l u t i o n  of ZnSe and Gap may be  formed a t  the  i n t e r f a c e ) ,  
It remains t o  b e  shown whether t h e  same degree of success  can b e  achieved with 
t h e  H C 1  vapor t r a n s p o r t  system by t h e  use of b e t t e r  q u a l i t y  Gap s u b s t r a t e  
m a t e r i a l  i n  t h e  f u t u r e .  
The Anderson band model (F ig .  8(a)) p r e d i c t s  a va lue  of U,, = 2.2 v o l s  
1 3  f o r  nZnS-pGaP doped t o  n  2 10 cmS3 (ZnS) and p  5 x 1017 (Gap). T h i s  agrees 
f a i r l y  we l l  wi th  t h e  va lues  of U obtained from capac i tance  d a t a  (F ig ,  7 1 ,  D 
The dependence of C and U on frequency can b e  a t t r i b u t e d  t o  t h e  time response D 
of l e v e l s  i n  t h e  moderately h igh  r e s i s t i v i t y  ZnS. Such frequency e f f e c t s  have 
been observed i n  nZnSe-Ge [32]  and nZnSe-GaAs d iodes  [ * 5 ] .  The s l o p e  r = 0-4 
i n d i c a t e s  t h a t  t h e  ion ized  impuri ty  p r o f i l e  a t  lMHz and 1KHz may l i e  somewhere 
between t h a t  of a  cons tan t  and a  l i n e a r  func t ion  of d i s t a n c e .  
The absence of l i g h t  emission i n  t h e s e  devices  i s  no t  understood-  One 
might argue t h a t  de fec t  cu r r en t s  due t o  i n t e r f a c e  s t a t e s  and i n t e r f a c e  strain 
dominate t h e  forward conduction process  r e s u l t i n g  i n  no e l e c t r o n  i n j e c t i o n  i n t o  
t h e  Gap. O r  t h e  recombination of i n j e c t e d  e l e c t r o n s  i n  t h e  Gap may be  non- 
r a d i a t i v e .  Robingon and Kun [ l l ]  have observed l i g h t  emission i n  nZnSe-pGaP 
diodes.  
111. Ge-GeAs HETEROJUNCTIONS 
1. Low Temperature Growth of Ge on GaAs by I o d i n e  T r a n s p o r t  
Work t h i s  q u a r t e r  was d i r e c t e d  toward t h e  e l i m i n a t i o n  of t h e  unwanted 
homo j u n c t i o n  a t  t h e  e m i t t e r - b a s e  j u n c t i o n  o f  t h e  n-GaAs-p-Ge-n-Ge h e t e r o j  zinction 
t r a n s i s t o r .  A s  r e p o r t e d  p r e v i o u s l y ,  t h e  i n i t i a l  l a y e r  o f  germanium grown on 
h i g h  r e s i s t i v i t y  and n- type GaAs s e e d s  h a s  always been  n- type,  even when a p-type 
dopant h a s  been p r e s e n t  and t h e  grown l a y e r s  appeared  p-type away from the 
i n t e r f a c e .  At f i r s t  s u r f a c e  con tamina t ion  due t o  seed  p r e p a r a t i o n  w a s  s u s p e c t e d ;  
however, i n s p e c t i o n  of t h e  i n t e r f a c e  o f  p-doped l a y e r s  grown on c leaved  GaAs 
s e e d s  by a  p r e v i o u s l y  r e p o r t e d  the rmal  p robe  t e c h n i q u e  a l s o  showed an n- type layer, 
Next,  a  dopant  d e l a y  due t o  r e d e p o s i t i o n  o f  t h e  dopant  from t h e  vapor  phase onto  
t h e  connec t ing  t u b i n g  w a l l s  was hypothes ized .  A  r u n  i n  which a l e n g t h y  pre-flow 
through t h e  dopant  s o u r c e  was employed r e s u l t e d  i n  poor  adhes ion  o f  the deposited 
l a y e r s  due t o  a n  i n i t i a l  l a y e r  o f  boron d e p o s i t e d  on t h e  s e e d s .  A h e a t e r  wrap 
around t h e  connec t ing  t u b i n g  t o  keep t h e  B I  i n  t h e  vapor  phase  was on ly  p a r t i a l l y  3  
s u c c e s s f u l  i n  t h a t  i t  d i d  keep v i s i b l e  d e p o s i t s  from forming,  b u t  t h e  interface 
remained n-type.  
The t r a n s i e n t  n a t u r e  o f  t h e  i n i t i a t i o n  o f  growth was s u s p e c t e d  t o  
c a u s e  an  i n i t i a l  r a p i d  d e p o s i t i o n  o f  germanium a s  a  s u r g e  of i o d i n e  from the 
p r e v i o u s l y  s e a l e d  i o d i n e  column was a d m i t t e d  t o  t h e  growth t u b e .  Th is  r a p i d  
growth o f  n a t u r a l l y  o c c u r r i n g  s l i g h t l y  n-type germanium was thought  t o  overcome 
t h e  p-type dopant p r e s e n t  u n t i l  a  s t e a d y  s t a t e  f low was e s t a b l i s h e d .  A t t e r ~ p t s  
t o  pass  t h i s  i n i t i a l  f low through t h e  growth cube w i t h  t h e  s e e d s  a t  e l e v a t e d  
t e m p e r a t u r e  (600°C),  t h u s  p r e v e n t i n g  d e p o s i t i o n  u n t i l  a  s t e a d y  s t a t e  f low was 
e s t a b l i s h e d  and t h e  seed  t empera tu re  lowered t o  375OC f o r  growth,  were  n o t  
t o t a l l y  s u c c e s s f u l .  A  s k i n  o f  h i g h  r e s i s t i v i t y  m a t e r i a l  was found on a l l  sur- 
f a c e s  o f  t h e  G a A s  s e e d s  b e f o r e  d e p o s i t i o n  s t a r t e d ,  p robab ly  from i n d i f f u s i o n  of  
germanium, t h u s  c r e a t i n g  a n  a d d i t i o n a l  unwanted l a y e r  i n  t h e  d e v i c e .  In addition, 
t h e  germanium a t  t h e  i n t e r f a c e  was s t i l l  s l i g h t l y  n-type, although g e n t l e  
p re s su re  on t h e  thermal probe would cause t h e  reading t o  change toward p-type, 
i n d i c a t i n g  only a  t h i n  n-layer remained. 
To provide f o r  a  dumping of t h e  i n i t i a l  flow of i od ine  ( a c t u a l l y  bydragen- 
i od ide  from t h e  source  c a t a l y t i c  c o n v e r t e r ) ,  a  bypass was cons t ruc ted  around 
t h e  growth tube and ou t  through t h e  exhaust bubblers  wi th  s u i t a b l e  va lves  so 
c o n t r o l  flows and i s o l a t e  t h e  var ious  s e c t i o n s  of tubing.  While t h i s  po r t ion  
of t h e  system was disassembled, t h e  i n t r i n s i c  germanium source  was removed and 
rep laced  wi th  a  l a r g e r ,  more f u l l y  packed source.  Following a purging rur, t o  
b r i n g  t h e  s u r f a c e  of t h e  new source  germanium t o  growth c l e a n l i n e s s ,  a  run was 
made i n  which t h e  bypass was used t o  shunt  t h e  f i r s t  few minutes of t h e  iod ine  
flow around t h e  growth t u b e  wi th  t h e  B I  connecting t u b e  h e a t e r  employed as  well. 3 
A preflow of B I  was used which was kept  below t h a t  which previous ly  caused non- 3 
adhering l a y e r s .  However, even t h i s  d u r a t i o n  proved too  long wi th  t h e  resrdt 
t h a t  t h e s e  l a y e r s  adhered b u t  had a  mat te  appearance and showed a  tendency t o  
f l a k e  near  t h e  edges. The run was repea ted  wi th  a  very s h o r t  B I  prefLow b u t  3 
otherwise i d e n t i c a l  cond i t i ons .  This  growth was t h e  usua l  sh iny  well. adhering 
epi - layer  and d id  indeed probe p-type a t  t h e  i n t e r f a c e .  When mesa devices  
were made from a p-Ge seed which was p re sen t  i n  t h e  depos i t i on  reg ion ,  a barrier 
of a  few t e n t h s  of a  v o l t  was found between t h e  grown l a y e r  and t h e  seed f rom 
i ts  I-V c h a r a c t e r i s t i c .  The p o l a r i t y  of t h i s  c h a r a c t e r i s t i c  and s i z e  of the 
b a r r i e r  were such t h a t  t h e  l a y e r  must have been near  i n t r i n s i c  p-type o r  slightly 
n-type i n  t h e  i n t e r f a c i a l  l a y e r  even though t h e  bulk  of t h e  grown ma te r i a l  was 
3 x ohm cm p-type. 
To e l imina te  aga in  t h e  p o s s i b i l i t y  of some s u r f a c e  contaminant causing the 
i n t e r f a c i a l  l a y e r ,  cleaved seeds were used. Since t h e  t o t a l  a r ea  presented for 
i n t e r f a c e  and device  i n v e s t i g a t i o n  i n  t h e  previous c leaving  of GaAs w a s  extremely 
s m a l l ,  i t  was d e s i r e d  t o  c l e a v e  a  l a r g e  a r e a  p-Ge sample f o r  inse r t i ton  into t h e  
36 growth t u b e .  The p rocedure  o f  Palmer e t  a l .  f o r  c l e a v i n g  germanium was fol- 
lowed w i t h  a s l i g h t  m o d i f i c a t i o n .  The t h i c k  a c c u r a t e l y  o r i e n t e d  (111) sample 
was s l o t t e d  a l o n g  i t s  t o p  o n l y ,  t h e  bot tom b e i n g  r i g i d l y  h e l d  by a  f l a t  support, 
A wedge was t h e n  d r i v e n  i n t o  t h e  t o p  s l o t  c a u s i n g  t h e  sample t o  c l e a v e  a l o n g  
t h e  (111) p l a n e  s t a r t i n g  a t  t h e  s l o t  edge and  p r e s e n t i n g  f l a t  s t e p l e s s  a r e a s  
s u i t a b l y  l a r g e  f o r  subsequen t  mesa d e v i c e  f a b r i c a t i o n .  The bot tom n o t c h  was 
e l i m i n a t e d  when i t  was found t h a t  i t  d i d  n o t  improve e i t h e r  t h e  e a s e  o r  quality 
of t h e  c l e a v e .  
A r u n  was made u s i n g  c leaved  a s  w e l l  a s  c o n v e n t i o n a l  chemica l ly  p o l i s h e d  
s e e d s  i n  which t h e  growth t u b e  bypass  was employed, t h e  BI connec t ing  tube 3  
h e a t e r  used,  b u t  w i t h  no B I  p re f low.  The i n t e r f a c e  of t h i s  growth was only 3 
s l i g h t l y  n-type which went t o  p-type a s  p r e s s u r e  on t h e  probe was i n c r e a s e d  
i n d i c a t i n g  t h a t  t h e  l a y e r  is very  t h i n .  Mesa d e v i c e s  made from t h e  c leaved  
p-Ge seed  showed a  b a r r i e r  ( a s  expected from t h e  i n t e r f a c e  l a y e r )  w i t h  an 1-47 
c h a r a c t e r i s t i c  s i m i l a r  t o  e m i t t e r - c o l l e c t o r  punch through o f  a low v o l t a g e  
t r a n s i s t o r ,  a l b e i t  w i t h  a l a r g e  l e a k a g e  component. 
The p r e v i o u s  r u n  was r e p e a t e d  i n c l u d i n g  c l e a v e d  a s  w e l l  a s  chemica l ly  
p o l i s h e d  s e e d s ,  w i t h  t h e  a d d i t i o n  of a s l i g h t  BI p re f low and a n  i n c r e a s e  i n  3 
dopant  c a r r i e r  f low d u r i n g  t h e  run .  The connec t ing  t u b i n g  f o r  t h e  B I  was h e a t e d  3 
and a l e n g t h y  p r e f l o w  th rough  t h e  t u b i n g  v i a  a n  e x t e r n a l  b u b b l e r  was used .  'fie 
i n t e r f a c e  l a y e r  on t h i s  growth probed j u s t  b a r e l y  p-type.  Devices  f a b r i c a r e d  
from t h e  c l e a v e d  p-Ge s e e d s ,  however, showed t h e  p r e s e n c e  o f  a n  i n t e r f a c i a l  layer, 
At t h i s  t i m e  a  s u p p l y  o f  d i b o r a n e  i n  he l ium c a r r i e r  became a v a i l a b l e .  A f t e r  
a  m o d i f i c a t i o n  of t h e  dopant i n t r o d u c t i o n  t i p  and coup l ing  t o  pe rmi t  the i n t r o -  
d u c t i o n  of dopants  d i r e c t l y  i n t o  t h e  d e p o s i t i o n  r e g i o n  without: p a s s i n g  them 
through a  h i g h e r  t empera tu re  r e g i o n  (425OC v s  375-400°C i n  t h e  d e p o s i t i o n  r e g i o n ) ,  
a p a i r  of r u n s  was made u s i n g  t h e  new dopant  supp ly .  I n  t h e  f i r s t  r u n  the 
l a y e r s  grown were  n-type throughout  due t o  e i t h e r  t h e  s e e d s  h a v i n g  been placed 
t o o  f a r  downstream, t h e  dopant  f low b e i n g  t o o  low, o r  a  combinat ion o f  these, 
A d i s t r i b u t i o n  o f  s e e d s  were  p laced  i n  t h e  n e x t  r u n ,  a g a i n  w i t h  c leaved  and  
chemica l ly  p o l i s h e d  s e e d s  p r e s e n t ,  and t h e  amount o f  d i b o r a n e  i n c r e a s e d ,  
Probing o f  t h e  i n t e r f a c e  from s e v e r a l  o f  t h e  s e e d s  showed a  p-type interface i n  
t h o s e  s e e d s  which were  c l o s e s t  t o  t h e  p o i n t  o f  dopant  i n t r o d u c t i o n  and g r a d i n g  
through a mixed p  and n-type i n t e r f a c e  t o  a t o t a l l y  n-type i n t e r f a c e  in t h o s e  
which were  f u r t h e s t  (5 cm) from t h e  dopant  i n l e t .  Mesa d e v i c e s  made from t h e  
c leaved  p-Ge seed  c l o s e s t  t o  t h e  dopant  i n l e t  showed a n  ohmic c h a r a c t e r i s t i c  
f o r  c u r r e n t s  up t o  50 m a  i n d i c a t i n g  no i n t e r f a c i a l  l a y e r  b e i n g  p r e s e n t .  D e -  
v i c e s  from i d e n t i c a l  c leaved  p-Ge s e e d s  which were  f u r t h e r  away showed a barrier 
a s  s e e n  p r e v i o u s l y .  
A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  g r a d i n g  i n  doping is a n  i n i t i a l  d e p l e t i o n  
of t h e  s m a l l  amount o f  hydrogen i o d i d e  a v a i l a b l e  i n  t h e  d e p o s i t i o n  r e g i o n ,  Ele- 
mental  boron i s  thought  t o  b e  l i b e r a t e d  from t h e  d i b o r a n e  through an  intermediate 
r e a c t i o n  w i t h  t h e  H I  p r e s e n t  t o  form B I  which t h e n  decomposes. 3 37 Diborane i s  
n o t  known t o  decompose d i r e c t l y  t o  e l e m e n t a l  boron and hydrogen a t  t h e  tenpera- 
38 t u r e s  invo lved .  A r u n  is now b e i n g  made t o  f a b r i c a t e  a t r a n s i s t o r  s t r u c t u r e  
u s i n g  t h e  d i b o r a n e  a s  a dopant  s o u r c e  and s e e d s  p l a c e d  i n  c l o s e  p rox imi ty  to the 
i n l e t  t o  i n s u r e  a  uniform p-type l a y e r  a t  t h e  i n t e r f a c e .  
E l e c t r i c a l  C h a r a c t e r i s t i c s  o f  a nGe-nGaAs H e t e r o j u n c t i o n  
F u r t h e r  measurements were  made on t h e  n-Ge-n-GaAs h e t e r o j u n c t i o n  reported 
d u r i n g  t h e  last  p e r i o d .  The b a r r i e r  h e i g h t  determined by e x t r a p o l a t i n g  the i/cL 
v e r s u s  v o l t a g e  d a t a  t o  t h e  i n f i n i t e  c a p a c i t a n c e  i n t e r c e p t  was found t o  b e  " 4 3  
eV. Both forward and reverse I-V d a t a  were  t a k e n  a t  a  number of t empera tu res  be- 
tween room and l i q u i d  n i t r o g e n  as shown i n  F i g u r e  10. The q v a l u e s  correspond t o  
t h e  s t r a i g h t  l i n e  po r t ions  of t h e  r e s p e c t i v e  curves.  Using the  a n a l y s i s  of  Fang 
and ~ o w a r d , ~ '  t h e  zero vo l t age  i n t e r c e p t  of t h e  l i n e a r  po r t ion  of t h e  r e v e r s e  I-V 
da ta  is  p l o t t e d  a s  a  func t ion  of 1 / T  a s  shown i n  F igure  11. The b a r r i e r  height 
deduced by a  l e a s t  squares  f i t  t o  t h e  s l o p e  of t h i s  l i n e  f o r  our  j unc t ion  on t h e  
(111)As f a c e  is  .37 eV i n  agreement with t h e  same va lue  a r r ived  a t  by Fang and 
Howard f o r  t h e i r  devices .  This should correspond t o  t h e  AE va lue  f o r  Ge-GaAs 
C 
bu t  i s  considerably g r e a t e r  than  t h e  va lue  of .--0.15 obtained from measurelnents 
on n-p and p-n Ge-GaAs junc t ions .  We p lan  t o  look a t  a  v a r i e t y  of n-n, p-p, n-p 
and p-n junc t ions  wi th  t h i s  growth system t o  h e l p  c l a r i f y  t h i s  apparent  incon- 
s is t ency . 
F i g .  10 Forward c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  of 
1 6  3 15 3 
n-Ge (10 /cm ) - nGaAs (5 x 10 /cm ) 
h e t e r o j u n c t i o n .  
Fig .  11 Zero v o l t a g e  i n t e r c e p t  of r e v e r s e  s a t u r a t i o n  
c u r r e n t  v s  r e c i p r o c a l  t empera ture  f o r  
nGe - nGaAs h e t e r o j u n c t i o n  
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